Electrical Switching in Metallic Carbon Nanotubes 
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We present first- principles calculations of quantum transport which show that the resistance of 
metallic carbon nanotubes can be changed dramatically with homogeneous transverse electric fields 
if the nanotubes have impurities or defects. The change of the resistance is predicted to range 
over more than two orders of magnitude with experimentally attainable electric fields. This novel 
property has its origin that backscattering of conduction electrons by impurities or defects in the 
nanotubes is strongly dependent on the strength and/or direction of the applied electric fields. We 
expect this property to open a path to new device applications of metallic carbon nanotubes. 
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Are single- walled carbon nanotubes (SWNTs) suitable 
for future nano-electronic device applications? The an- 
swer depends on whether the electrical properties of car- 
bon nanotubes are changeable by applied gate voltages 
or electric fields Q. Carbon nanotubes are either semi- 
conducting or metallic, depending on their atomic ge- 
ometry (diameter and chirality) . Semiconducting carbon 
nanotubes are well suited for nano-electronic device ap- 
plications 0- 03 EH 01 because their electrical resistance is 
controllable by the gate voltage just as in silicon-based 
field-effect transistors. On the other hand, metallic nan- 
otubes reportedly have electrical resistances which are 
not sensitive to the gate voltage or homogeneous trans- 
verse electric fields ja, 0, IE an d this insensitivity has 
discouraged device applications of the metallic ones. The 
previous reports on metallic nanotubes. however, are lim- 
ited to clean ones with electric fields IMI alloU llJ 
defective ones without electric fields [lj, [lj, [lj| 
though impurities or structural defects under the trans- 
verse electric field may produce exotic effects because of 
the low dimensionality of the nanotubes. 

A clean armchair-type SWNT is metallic with two lin- 
ear bands intersecting at the Fermi energy (Ep) regard- 
less of its diameter |ljf (Fig. 1(a)). The tube's electri- 
cal resistance is determined by its electronic structure. 
A clean metallic SWNT should have an electrical resis- 
tance of 6.5 kSl in two-probe measurements with perfect 
electrical contacts 0, lill. This results from the resis- 
tance quantum, 12.9 Ml |l9l l2fj| (which is h/2e 2 with h 
= Planck's constant and e = charge of an electron) di- 
vided by the number of bands at Ep. The resistance of 
a clean metallic carbon nanotube is insensitive to a ho- 
mogeneous transverse (i.e., perpendicular to the tubular 
axis) electric field. Although the applied electric field po- 
larizes the nanotube along the field direction |2l| and the 
band dispersion is modified near Ep (Fermi velocities are 
slightly decreased as shown in Fig. 1(b)), electric fields 



of moderate str eng th do not change the number of bands 
at Ep |iL lii. ITot Tllj which is the only material parameter 
that determines the resistance of a clean one dimensional 
sample. Contrary to the clean tube case, however, a de- 
fective metallic carbon nanotube, as will be shown in this 
Letter, will have an electrical resistance which is very sen- 
sitive to transverse electric fields, and this property may 
be exploited for switching device applications. 

Our study of the resistance of defective metallic 
SWNTs in transverse electric fields (Fig. 2) is based 
on first-principles calculations j2^. We introduce either 
impurities or structural defects into metallic nanotubes 
and describe their atomic and electronic structures using 
norm-conserving pseudopotentials |2.'"il| with Kleinman- 
Bylander's nonlocal projectors |24| and the local den- 
sity approximation for the exchange-correlation poten- 
tial. The wavefunction is expanded with a single zeta 
basis set to produce the similar relaxed geometric 




FIG. 1: Electronic structure of a clean SWNT with and with- 
out a transverse electric field (-Eext)- The Fermi level is set 
to zero in all figures, (a) Band structure near the Fermi level 
of a clean (10, 10) SWNT with £Wt = 0. The inset is the 
atomic structure of the (10, 10) SWNT. (b) Band structure 
of a clean (10, 10) SWNT with £ cxt = 0.4 V/A. The inset 
shows the nanotube and the applied electric field perpendic- 
ular to the tubular axis. 
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configurations with the defect and the electronic struc- 
tures compared with the result using plane-wave basis 
set 0. A periodic saw-tooth-type potential perpendic- 
ular to the direction of the tube axis is used to simulate 
the applied transverse electric field in a superccll having 
420 carbon atoms for (10,10) nanotube and 576 atoms 
for (18,0) tube respectively and such a potential is ho- 
mogeneous along the tube axis as shown in the inset of 
Fig. 1(b). By calculating the scattering wavefunctions 
of electrons around the defects, we obtain the quantum- 
mechanical probability for an electron near Ep to trans- 
mit through the defects [5^, |2(|. The two-probe resis- 
tance of the sample is inversely proportional to the ob- 
tained transmission probability as well as the number of 
bands j^. Our calculational results show that the re- 
sistance of defective metallic SWNTs is very sensitive to 
the strength and/or direction of the applied transverse 
electric field (Figs. 2-4). 

Impurities or structural defects in metallic nanotubes 
produce quasibound states which backscatter conducting 
electrons resonantly near the quasibound-state energies. 
In case of a nitrogen and a boron doped (10, 10) nanotube 
(Fig. 2(a)), the electrical resistance shows maximum val- 
ues at the electric field of 0.4 V/A and —0.5 V/A , respec- 
tively (Fig. 2(b)). Without electric fields, the nitrogen 
(boron) impurity produces resonant backscattering dips 
in the transmission associated with donor-like (acceptor- 
like) quasibound states above (below) Ep as shown in 
the middle panels (denoted by E ext = 0.0V/A) of Fig. 
2(c-d) 0. 

When transverse electric fields are applied, the field- 
induced change of the screened electrostatic potential 
near the impurity sites changes the quasibound-state en- 
ergies and thereby the resonant backscattering and the 
resistance of the nanotubes (Fig. 2(c-d)). With an elec- 
tric field, the dips move in the same direction in energy 
both for the nitrogen and for the boron impurity. The 
shapes of the dips are distorted when the dips approach 
the Fermi level or subband edges. The maximum re- 
sistances are about twice of the zero-field resistance be- 
cause, at the corresponding electric fields, half of the con- 
ducting electrons at Ep are backscattered by the impuri- 
ties. Since the resonant backscatterings are shifted ener- 
getically by the field-induced potential change at a defect 
site, the effect of the electric field scales as \E ext \cos9 ap- 
proximately when the electric field (E ext ) has an angle 9 
with the normal direction of the tubular surface at the de- 
fect site. So, the effect is maximized if 9 — as shown in 
Fig. 1(a). We have also examined, by first-principles cal- 
culations, electrical properties of single- impurity doped 
semi-metallic (3n, 0) carbon nanotubes which have very 
small energy gaps due to the curvature effect [28!]. Our 
calculation results show that, with transverse electric 
fields, the resistance of a doped (18,0) SWNT, which is 
measured at either the conduction or the valence band 
edge, has almost the same tunable behavior (not shown 
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FIG. 2: Electrical resistances of single-impurity doped 
SWNTs in transverse electric field -EWt- (a) A ball-and-stick 
model of a nitrogen- or boron-doped SWNT in a transverse 
electric field. The impurity is denoted by a darker atom. The 
direction of the arrows (from the impurity- doped side to the 
other) corresponds to E ext > 0. (b) Calculated two-probe 
electrical resistances (R) of a nitrogen-doped (10,10) SWNT, 
a boron-doped one and a clean one. Transmission spectra 
T(E) of (c) a nitrogen-doped and (d) a boron-doped (10,10) 
SWNT in various transverse electric fields. 



here) . 

By adding up the effects of the nitrogen and the boron 
impurity in a single nanotube, we can produce much 
larger variation of the resistance so that with nitrogen 
and boron co-doping, a metallic carbon nanotube shows 
an "on-to-off" switching behavior as a function of the ap- 
plied electric field (Fig. 3(b)). When two carbon atoms 
on opposite sides of a (10, 10) nanotube are replaced by 
a nitrogen and a boron atom (Fig. 3(a)), the resistance 
of the nanotube is slightly (3%) increased when no trans- 
verse electric field is present (Fig. 3(b)). It remains in 
the low-resistive "on-state" (6.7 kfl). When an electric 
field of 0.4V/A pointing from the nitrogen-doped side to 
boron-doped side (Fig. 3(a)) is applied, the resistance of 
the nanotube increases to 221 kO, switching to a high- 
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FIG. 3: (color online) Electrical resistance of nitrogen and 
boron co-doped SWNTs in transverse electric field -E oxt . (a) 
A schematic diagram of a nitrogen (blue dot) and boron (red 
dot) co-doped SWNT in a transverse electric field. The di- 
rection of the arrows corresponds to _E cxt > 0. (b) Calculated 
two-probe electrical resistances (R) of nitrogen and boron 
co-doped (n, n) SWNTs (n=10, 20, 30). Empty and filled 
circles are results from ab-initio calculations for (10,10) and 
(20,20) SWNTs, respectively, and lines are results from tight- 
binding approximations, (c) Transmission spectra T(E) of 
the nitrogen-and-boron co-doped (10,10) SWNT in electric 
fields of 0.0 and 0.4 V/A. (d) Color-scale plot of transmis- 
sion spectra T(E) as a function of energy E and electric field 
£ cxt for the nitrogen-and-boron co-doped (10,10) SWNT. The 
color-scale bar is placed on top of the plot. 



resistive "off-state" (Fig. 3(b)). With further increase in 
the strength of the electric field, the resistance decreases 
back to 20 Ml When the direction of the electric field is 
reversed, the doped nanotube remains in the low-resistive 
"on-state" (less than 10 kfi) at all values of field strength. 

The high-resistive "off-state" of the N and B co-doped 
metallic nanotubes originates from the impurity-induced 
resonant backscatterings which reflect most of the con- 
ducting electrons at Ep. With no electric field, reso- 
nant scatterings due to the N and the B impurity occur 
above and below Ep, respectively, reflecting half of the 
conducting electrons at their respective resonant ener- 
gies (Fig. 3(c)). With nonzero E cxt , the field- induced 
potential shifts are of the opposite sign near the two im- 
purities since the two impurities are placed at opposite 
sides of the tube. This makes resonant backscatterings 
by the two impurities move in opposite directions in en- 
ergy (toward Ep) and, with a specific E eyA , they meet at 
Ep, causing almost complete reflection of the conduct- 



ing electrons (Fig. 3(c)) and thereby the large increase 
of the resistance. In Fig. 3(d), it is shown that with elec- 
tric fields, resonant backscattering dips (dark blue) asso- 
ciated with the boron and the nitrogen impurity move in 
opposite directions (denoted by yellow arrows) in energy 
because they are located on opposite sides of the nan- 
otube. With E cxt ~ 0.4V/A in Fig. 3(d), the two dips 
merge, making transmission almost zero (yellow region) 
at Ep (green vertical line). 

The relative position of the boron and nitrogen impu- 
rities on the tubular surface affects the magnitude of the 
maximum resistance at the "off-state" . Let z be the dis- 
tance of the two impurities along the tubular axis, and 
(f> be their polar-angle difference. When <fi = 180° and 
z — (3n ± 1) x L for integral n (as shown in Fig. 3(a)), 
the maximum resistance at the "off-state" is about 221 
kfL Here, L is the unit-cell length of the armchair-type 
nanotube. If (f> = 0° and z = 3n X L, only one conduc- 
tion channel is blocked at the maximal resistance condi- 
tion, resulting in the maximal resistance of about 13 kf2. 
These features are coherent effects of the two impurity 
scatterings, which occurs if the two impurities are closer 
than the phase coherence length of the electrons. 

In a larger-diameter SWNT, the electrical switching is 
possible with a weaker electric field. First-principles cal- 
culations are preformed for different diameter defective 
tubes up to the (20, 20) carbon nanotubes, and we adopt 
tight-binding calculations to even larger-diameter nan- 
otubes such as (30, 30) and (40, 40) tubes (Fig. 3(b)). 
The tight-binding approximation here adopts the stan- 
dard one 7r-electron model with the nearest-neighbor hop- 
ping interaction |30|. A nitrogen (boron) impurity is 
represented by an attractive (repulsive) Gaussian onsite 
potential and the applied electric field is expressed with 
the onsite-energy variation screened with a dielectric con- 
stant. Parameters for impurity potentials and the dielec- 
tric constant are fit to reproduce our first-principles cal- 
culations of the doped (10,10) nanotubes. The required 
field strength to maximum resistance is found to be ap- 
proximately inversely proportional to the square of the 
diameter of the nanotube. This scaling is due to the 
product of two effects: the field-induced potential drop 
across the tube diameter increases linearly and the sub- 
band energy interval decreases linearly with the increase 
of the diameter of the nanotubes |29|. For example, the 
"off-state" for a nitrogen-boron co-doped (30, 30) nan- 
otube can be reached by a field of 0.06 V/A (Fig. 3(b)). 
Thus, the switching behavior will be more easily achieved 
in experiments with larger-diameter nanotubes. 

An "off-to-on" switching behavior occurs when consid- 
ering a carbon nanotube with a vacancy. A recent obser- 
vation on graphene layers and SWNTs [3lJ by transmis- 
sion electron microscopy reveals stable intrinsic vacancy 
defects under strong electric field. When four adjacent 
carbon atoms are removed in a (10, 10) SWNT (shown in 
the inset of Fig. 4(a)), for example, the nanotube is in a 
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FIG. 4: (a) Calculated two-probe resistance of a (10,10) 
SWNT with a vacancy in transverse electric fields (£Wt). 
Filled circles result from ab-initio calculations while the solid 
line from a tight-binding approximation. The direction of the 
electric field in the inset represents E axt > 0. (b) Transmis- 
sion spectra (T(E)) of the (10, 10) SWNT with the vacancy as 
a function of energy (E). From the top to the bottom panel, 
the applied fields are +0.3, 0.0, and —0.3 V/A, respectively. 

high-resistive "off-state" with no electric field. Resonant 
backscatterings are at Ep and the resistance is 1.2 Mf2 
(Fig. 4(a)). As a transverse electric field is applied, re- 
gardless of the sign of the field, the resonant backscatter- 
ings move away from Ep (Fig. 4(b)) and the nanotube 
switches to a low-resistive "on-state" having the resis- 
tance less than 20 Ml for \E e ^]> 0.12V/A (less than 
100 kn for |.E ext | > 0.04V/A) 

In summary, we have shown theoretically that the re- 
sistance of SWNTs is tunable up to three orders of mag- 
nitude by both defects and transverse electric fields, even 
if the SWNTs are metallic. Such a result may open a new 
way to make electronic devices by exploiting the varia- 
tion of the resistance in metallic and semiconducting nan- 
otubes simultaneously as a function of the electric field. 
The possible randomness of size of defects and those dis- 
tributions and the stability of defects under the electric 
fields will require future works [3j|. We anticipate that 
this interesting property of the defective metallic SWNTs 
can be tested by suitable experimental setup, e.g., iso- 
lated nanotube in a nanoelectromechanical system [34| 
or in a split-gate configuration |35|. 
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